Gauthier TW, Ping XD, Gabelaia L, Brown LA. Delayed neonatal lung macrophage differentiation in a mouse model of in utero ethanol exposure. Am J Physiol Lung Cell Mol Physiol 299: L8-L16, 2010. First published April 9, 2010 doi:10.1152/ajplung.90609.2008We have previously demonstrated that fetal ethanol exposure deranges the function and viability of the neonatal alveolar macrophage. Although altered differentiation of the alveolar macrophage contributes to pulmonary disease states within the adult lung, the effects of fetal ethanol exposure on the normal differentiation of interstitial to alveolar macrophage in the newborn lung are unknown. In the current study, using a mouse model of fetal ethanol exposure, we hypothesized that altered terminal differentiation of the neonatal interstitial to alveolar macrophage contributes to the observed cellular dysfunction in the ethanol-exposed newborn mouse. Control alveolar macrophage differentiation was characterized by increased expression of CD32/ CD11b (P Յ 0.05) and increased in vitro phagocytosis of Staphylococcus aureus (P Յ 0.05) compared with interstitial macrophage. After in utero ethanol exposure, both alveolar and interstitial macrophage lacked the acquisition of CD32/CD11b (P Յ 0.05) and displayed impaired in vitro phagocytosis (P Յ 0.05). Ethanol significantly increased transforming growth factor-␤ 1 (TGF-␤1) in the bronchoalveolar lavage fluid (P Յ 0.05), as well as in both interstitial and alveolar macrophages (P Յ 0.05). Oxidant stress contributed to the ethanol-induced changes on the interstitial and alveolar cells, since maternal supplementation with the glutathione precursor S-adenosylmethionine during ethanol ingestion normalized CD32/CD11b (P Յ 0.05), phagocytosis (P Յ 0.05), and TGF-␤ 1 in the bronchoalveolar lavage fluid and macrophages (P Յ 0.05). Contrary to our hypothesis, fetal ethanol exposure did not solely impair interstitial to alveolar macrophage differentiation. Rather, fetal ethanol exposure impaired both neonatal interstitial and alveolar macrophage phagocytic function and differentiation. Increased oxidant stress and elevated TGF-␤ 1 contributed to the impaired differentiation of both interstitial and alveolar macrophage. alveolar macrophage; fetal alcohol; prematurity; lung ALVEOLAR MACROPHAGES (AM) are derived from peripheral circulating blood monocytes. The monocyte precursors within the systemic circulation constitutively move into the interstitial space of the lung, where they reside as interstitial macrophages (IM) until further migration and terminal differentiation into mature AM within the alveolar space (13, 36). As a professional phagocyte within the lung, the AM patrols the lung, defending it against foreign particles and infection by initiating an immune response, participating in phagocytosis and clearance, and regulating subsequent inflammatory processes (13, 43) . The normal population of AM residing within the lung is a heterogeneous mix of immature and mature cells in both human (29) and experimental animal models (10, 24, 34) . This heterogeneity results in a population of cells with variable immune function (15).
Although altered differentiation of the alveolar macrophage contributes to pulmonary disease states within the adult lung, the effects of fetal ethanol exposure on the normal differentiation of interstitial to alveolar macrophage in the newborn lung are unknown. In the current study, using a mouse model of fetal ethanol exposure, we hypothesized that altered terminal differentiation of the neonatal interstitial to alveolar macrophage contributes to the observed cellular dysfunction in the ethanol-exposed newborn mouse. Control alveolar macrophage differentiation was characterized by increased expression of CD32/ CD11b (P Յ 0.05) and increased in vitro phagocytosis of Staphylococcus aureus (P Յ 0.05) compared with interstitial macrophage. After in utero ethanol exposure, both alveolar and interstitial macrophage lacked the acquisition of CD32/CD11b (P Յ 0.05) and displayed impaired in vitro phagocytosis (P Յ 0.05). Ethanol significantly increased transforming growth factor-␤ 1 (TGF-␤1) in the bronchoalveolar lavage fluid (P Յ 0.05), as well as in both interstitial and alveolar macrophages (P Յ 0.05). Oxidant stress contributed to the ethanol-induced changes on the interstitial and alveolar cells, since maternal supplementation with the glutathione precursor S-adenosylmethionine during ethanol ingestion normalized CD32/CD11b (P Յ 0.05), phagocytosis (P Յ 0.05), and TGF-␤ 1 in the bronchoalveolar lavage fluid and macrophages (P Յ 0.05). Contrary to our hypothesis, fetal ethanol exposure did not solely impair interstitial to alveolar macrophage differentiation. Rather, fetal ethanol exposure impaired both neonatal interstitial and alveolar macrophage phagocytic function and differentiation. Increased oxidant stress and elevated TGF-␤ 1 contributed to the impaired differentiation of both interstitial and alveolar macrophage. alveolar macrophage; fetal alcohol; prematurity; lung ALVEOLAR MACROPHAGES (AM) are derived from peripheral circulating blood monocytes. The monocyte precursors within the systemic circulation constitutively move into the interstitial space of the lung, where they reside as interstitial macrophages (IM) until further migration and terminal differentiation into mature AM within the alveolar space (13, 36) . As a professional phagocyte within the lung, the AM patrols the lung, defending it against foreign particles and infection by initiating an immune response, participating in phagocytosis and clearance, and regulating subsequent inflammatory processes (13, 43) . The normal population of AM residing within the lung is a heterogeneous mix of immature and mature cells in both human (29) and experimental animal models (10, 24, 34) . This heterogeneity results in a population of cells with variable immune function (15) .
The normal terminal differentiation of the neonatal AM and its role as the modulator of the inflammatory state within the neonatal lung remain under investigation. Modulation of the innate immune responses of the fetal monocyte by systemic conditions or maternal exposures during pregnancy may affect the neonatal AM population and the inflammatory environment within the vulnerable newborn lung (26, 27) . However, the normal terminal differentiation of the IM into the resident AM in the newborn lung is not well described.
Alcohol use during pregnancy remains a significant problem in our society, increasing the risk of extreme premature delivery by Ͼ34-fold (41) . The occurrence of infection complicates an already tenuous clinical course for the premature neonate, causing exacerbation of primary pulmonary diseases and prolonging hospital stay (44) . Limited clinical studies suggest that both term (17) and premature newborns (18) are at increased risk of sepsis after in utero alcohol exposure. Our laboratory has demonstrated in a guinea pig model of in utero ethanol (ETOH) exposure that ETOH increased oxidant stress in the developing lung and within the resident neonatal AM, deranging neonatal AM function both in vitro (19) and in vivo (35) and increasing the risk of experimental pneumonia (20) . The capacity of precursors of the antioxidant glutathione (GSH) to modulate these changes in both premature and term gestations demonstrated that exaggerated oxidant stress was a central feature in the dysfunction of the ETOH-exposed developing AM (19, 20, 35) .
In the adult lung, transforming growth factor-␤ 1 (TGF-␤ 1 ) plays a crucial role in lung injury and repair (2) . Chronic ETOH ingestion increases TGF-␤ 1 within the adult lung, primarily in AM and alveolar epithelial type II cells, increasing the risk of cellular dysfunction in the lung (3). In the fetal lung, TGF-␤ 1 is essential for normal lung development and epithelial cell maturation. However, on one hand TGF-␤ 1 positively promotes proliferation and differentiation of the macrophage, while on the other hand increased TGF-␤ 1 decreases the expression of critical receptors on the AM (12, 22, 45) .
We hypothesized that the local oxidizing environment within the ETOH-exposed lung would impair the normal differentiation of the resident AM population, thus contributing to deranged newborn AM function after fetal ETOH exposure. With the use of a mouse model of in utero ETOH exposure, the goals of this study were to 1) evaluate the normal terminal differentiation of IM and AM, and 2) determine fetal ETOH effects on TGF-␤ 1 and macrophage differentiation in the neonatal lung.
MATERIALS AND METHODS

Mouse model of fetal ETOH exposure.
A continuous exposure of ETOH in a liquid diet (25% ETOH-derived calories; Dyets, Bethlehem, PA) especially prepared for experimentation in pregnant mice was used to establish our mouse model of fetal ETOH exposure (50, 51) . Female C57BL/6 mice were shipped from the vendor and allowed to acclimate for 1 wk. The female mouse was bred and the experimental liquid diet started 1 day after the mucus plug was documented (designated E2). Dams were randomized to receive Ϯ25% ETOHderived calories in the liquid diet. For some pregnant dams, Sadenosylmethionine (SAM-e, 10 mM, Nature Made) was added to the experimental liquid diet beginning E2. Maternal SAM-e was chosen, as we have demonstrated that it maintains neonatal AM function despite in utero ETOH exposure at both premature and term gestations in the guinea pig model (19, 20, 35) . The females were pair fed to match the ETOH-exposed dam. The only access to food was the assigned experimental liquid diet. The diet was continued until delivery of the pups at term. All animals were used with protocols reviewed and approved by the Emory University Institutional Animal Care Committee in accordance with NIH Guidelines (Guide for the Care and Use of Laboratory Animals).
Isolation of AM. Term pups were evaluated on day of life number one (designated P0). After anesthesia with pentobarbital sodium intraperitoneally, the pup trachea was identified under a dissecting microscope and cannulated with a 27-G catheter and the lungs serially lavaged with 60-l sterile PBS (3ϫ) to obtain lavage samples. The initial lavage from each pup of the litter was pooled and centrifuged (402 g for 8 min), and the supernatant [designated bronchoalveolar lavage fluid (BAL)] was saved for further analysis. The remaining cell pellet was pooled with subsequent lavage samples from each pup of the litter and similarly centrifuged, and the final cell pellet was obtained. The retrieved cells were evaluated for viability and cell type via the calcein/ethidium iodide "live-dead" stain and DiffQuik stain (Dade Behring, Newark, DE), respectively.
Apoptosis was determined by staining the cells for DNA fragmentation via terminal dUTP nick-end labeling (TUNEL) as previously described (19) . Briefly, the cells were fixed with 3.7% paraformaldehyde and endogenous peroxidase was blocked with 3% H 2O2 in methanol. Cells were permeabilized with 0.1% Triton X-100, stained with the in situ cell death detection kit POD (Roche), and evaluated under fluorescent microsopy. The percentage of TUNEL-positive cells was tallied from least 25 cells/litter.
Isolation of IM. After the BAL, the pup pulmonary artery was identified under the dissecting microscope and cannulated. The fetal lung was perfused with sterile PBS (1 cc) via the pulmonary artery until white, as previously described by this laboratory (7) . The perfused lungs from all the pups of one litter were pooled, minced, and serially digested with collagenase D (60 U/ml for 10 min followed by 175 U/ml for an additional 10 min). The IM were collected by sequential filtration and adherence to tissue culture plastic (37) . The isolated IM were similarly evaluated for viability and cell type via the calcein/ethidium iodide live-dead stain and DiffQuik stain, respectively. Apoptosis of the cells was similarly determined by TUNEL staining.
BAL oxidant stress. Oxidative stress was evaluated in the neonatal pup lung by determining the presence of the fatty acid oxidation product malonyldialdehyde (MDA) in the initial BAL sample. MDA was measured via ELISA (Oxis International, Foster City, CA) and normalized to sample protein as determined by the modified Bradford assay (Coomassie Plus, Thermo Scientific, Rockford, IL). Values are presented as mean MDA (M/g protein) Ϯ SE.
TGF-␤1 determination. Active TGF-␤1 and total TGF-␤1 were measured in the initial BAL via commercially available ELISA (Promega, Madison, WI). Active TGF-␤1 was measured in the sample, and then after acidification per manufacturer's instructions, the total TGF-␤1 was determined. The values were similarly normalized to BAL protein. Data are presented as mean TGF-␤1 (pg/g protein) Ϯ SE. The isolated IM and AM were also evaluated for TGF-␤1 via immunostaining after fixation with 3.7% paraformaldehyde. Nonspecific binding was blocked with BSA. Cells were incubated with the primary antibody in a 1:100 dilution (Santa Cruz Biotechnology, Santa Cruz, CA), and the sample was incubated for 2 h. Cells were serially rinsed with PBS, and the secondary antibody (anti-rabbit IgG, horseradish peroxidase conjugate; Sigma-Aldrich, St. Louis, MO) was added in a 1:200 dilution for 1 h. TGF-␤1 in the IM and AM was quantified with computerized analysis via ImagePro-Plus for Windows and presented as the mean density/cell Ϯ SE as tallied from at least 25 cells/litter.
Differentiation markers of IM and AM. To address the hypothesized effects of ETOH on the terminal differentiation of the neonatal mouse AM, we evaluated the isolated IM and the AM for cell surface markers including the alveolar macrophage marker CD32 and the ␤ 2-integrin CD11b, whose relative expression is increased on monocytes and decreased on alveolar macrophage (1, 6, 40) . IM and AM were isolated and fixed with 3.7% paraformaldehyde. In some experiments, control IM and AM were incubated with TGF-␤ 1 (5 ng/ml) for 4 h before fixation. To correct for nonspecific binding, an appropriate isotype-control antibody was used. Staining was performed in the presence of BSA to block nonspecific binding. The primary antibodies were added in a 1:100 dilution (CD32, Santa Cruz Biotechnology, Santa Cruz, CA; and CD11b, e-Bioscience, San Diego, CA), and the sample was incubated for 2 h. Cells were serially rinsed with PBS, and the secondary fluorescent antibody (FITC; Sigma, St. Louis, MO) was added in a 1:200 dilution for 1 h. Fluorescence was quantified using confocal fluorescent microscopy with quantitative digital analysis via FluoView (Olympus Corp, Melville, NY) as tallied from at least 25 cells/litter. Staining in relative fluorescent units per cell was calculated and presented as either the mean ratio of CD32 to CD11b or the mean percentage of control (relative fluorescent units/cell) for each condition Ϯ SE.
Phagocytosis assay. Freshly isolated AM and IM were plated at ϳ10 6 cell/ml in DMEM-F-12 media with 2% FBS and penicillin plus streptomycin and cultured at 37°C, 5% CO2. After a 2 h incubation, the cells were washed and FITC-labeled inactivated S. aureus (Molecular Probes, Eugene, OR) added in a 1:10 ratio (cell:bacteria). The cells were incubated for an additional 2 h (19, 33) . In some experiments, control IM or AM were incubated with TGF-␤ 1 (5 ng/ml) added to the media during the phagocytosis assay.
Determination of phagocytic function. To quantify the phagocytosis of FITC-S. aureus by the isolated AM and IM, confocal fluorescent microscopy was used as previously described by this laboratory (8, 35) . After incubation, the cells were washed and then fixed with 3.7% paraformaldehyde and nonspecific binding blocked with BSA. Using three-dimensional confocal analyses (Olympus, Melville, NY), Fig. 1 . In utero ethanol (ETOH) increased lipid peroxidation in the bronchoalveolar lavage (BAL). Timed pregnant mice were randomized to receive Ϯ25% ETOH-derived calories in a liquid diet beginning on E2. For some pregnant dams, S-adenosylmethionine (SAM-e; 10 mM) was added to the experimental liquid diet. Pups were allowed to deliver at term, and lung BAL was obtained under a dissecting microscope. The lipid peroxidation product malonyldialdehyde (MDA) was determined in the BAL via ELISA. Bar heights represent means Ϯ SE of MDA (M) as normalized to BAL protein (g (8, 35) . The phagocytic index (PI) was used to determine phagocytic function as previously described by this laboratory (14) and others (5) . PI was defined as the percentage of cells with internalized fluorescence ϫ the mean relative fluorescent units internalized per cell as tallied from at least 25 cells/litter. Values for PI are presented as a percentage of control Ϯ SE.
In vitro ETOH exposure. To mimic chronic in utero ETOH exposure to the neonatal IM and AM, control cells were similarly isolated at P0 and placed in modular chambers (Billups-Rothenberg, Del Mar, CA). The cells were incubated with or without ETOH in vitro (0.1%, 25 mM,) added to the culture media for a duration of 4 days with daily media changes. We chose this in vitro ETOH concentration based on studies of alcohol's effect on other immune cells with 25 mM ETOH described to correlate with moderate alcohol consumption (30, 46) . The use of modular chambers (Billups-Rothenberg) allowed for the maintenance of ETOH concentrations with daily media changes during the incubation period. In some experiments the cells were incubated with or without a monoclonal anti-TGF-␤1 antibody (mAbTGF-␤1; 10 ng/ml; R&D Systems, Minneapolis, MN) or a nonspecific mouse IgG added to the media at the same concentration. Fig. 2 . Elevated total transforming growth factor-␤1 (TGF-␤1) in the ETOHexposed BAL. After randomization to Ϯ25% ETOH-derived calories in a liquid diet beginning on E2, timed pregnant mice were allowed to deliver at term gestation. For some pregnant dams, SAM-e was added to the ETOH diet. Total TGF-␤1 was determined in the BAL of day of life number one (P0) pups via ELISA with values normalized to BAL protein. Bar heights are means Ϯ SE of TGF-␤1 (pg/g protein).
a P Ͻ 0.05 vs. control; b P Ͻ 0.05 vs. control ϩ SAM-e; c P Ͻ 0.05 vs. ETOH; n ϭ at least 7 separate litters. After 4 days of in vitro ETOH exposure, the phagocytic ability of the AM and IM to ingest FITC-S. aureus was similarly investigated.
Statistical analyses. Sigma Stat for Windows (Systat Sotware, San Jose, CA) was used for all statistical analyses. ANOVA or ANOVA on Ranks was used as appropriate. Student Newmans Keul's or Dunn's test was used for multiple comparisons, respectively. A P Յ 0.05 was considered significant. Each n represents a separate mouse litter.
RESULTS
Pup characteristics. The liquid diet was well tolerated by the pregnant mouse without significant loss of pregnancy or distress. Tail vein blood ETOH levels were measured in the dams ϳ4 days before the expected term delivery. Blood ETOH levels were significantly elevated in both the ETOH dams and Fig. 4 . Markers of terminal differentiation on the IM and AM. To determine the phenotype of the isolated IM and AM, CD32 and the ␤2-integrin CD11b were evaluated on fixed cells using incubation with primary antibodies and secondary labeling via FITC. Cells were evaluated via confocal fluorescent microscopy, and fluorescence was quantified using digital analysis via FluoView as tallied from at least 25 cells/litter. IM (A) and AM (B) staining is presented as the mean ratio of CD32 to CD11b Ϯ SE.
a P Ͻ 0.05 vs. respective control; b P Ͻ 0.05 vs. respective control ϩ SAM-e; c P Ͻ 0.05 vs. respective ETOH; n ϭ at least 5 separate litters. C: Representative confocal photomicrographs of IM and AM stained for CD11b or CD32 with FITC.
the ETOH ϩ SAM-e dams compared with control (control: 17.4 Ϯ 5 g/dl vs. ETOH: 76.7 Ϯ 9.5 g/dl vs. ETOH ϩ SAM-e: 75.1 Ϯ 6.9 g/dl; P Ͻ 0.05 vs. control). There was no difference in blood ETOH levels between the dams fed ETOH vs. those on ETOH ϩ SAM-e (P ϭ NS). There was no difference in the average number of pups delivered/litter (n ϭ 6 -8; P ϭ NS), and pup weight was similar among the experimental groups (control:
Isolation of IM and AM from P0 pups. At isolation, the IM and AM cell yields/pup were similar among the experimental groups (P ϭ NS). However, significantly more IM were isolated from any experimental group than AM (IM: range 75-210 ϫ 10 3 cells/pup vs. AM: range 8 -18 ϫ 10 3 cells/pup; P Ͻ 0.05). The majority of both isolated IM and AM were macrophages (IM: range 91-96% macrophage; AM: range 93-97% macrophage) from all groups as determined by DiffQuik staining.
Viability and apoptosis of the IM and AM. For the IM, the addition of maternal SAM-e to control litters did not significantly change IM viability (control ϩ SAM-e: 87.9 Ϯ 1.8% viable). There was a significant reduction in the viability of the ETOH-exposed IM at the time of isolation compared with control (control: 89.8 Ϯ 0.9% vs. ETOH: 81.8 Ϯ 1.1% viable; P Ͻ 0.05). The addition of maternal SAM-e during ETOH ingestion resulted in increased viability of the P0 IM (ETOH ϩ SAM-e: 87.0 Ϯ 1.3%; P Ͻ 0.05 vs. ETOH alone), which reached control levels. For the AM, maternal SAM-e did not alter AM viability compared with control (control: 95.1 Ϯ 0.5% vs. control ϩ SAM-e: 95.9 Ϯ 1.1%; P ϭ NS). The viability of the ETOH-exposed AM was also significantly decreased compared with control (control: 95.1 Ϯ 0.5% vs. ETOH: 89.1 Ϯ 0.9%; P Ͻ 0.05), while viability in ETOH ϩ SAM-e AM was maintained and significantly higher than ETOH-exposed AM (ETOH: 89.1 Ϯ 0.9% vs. ETOH ϩ SAM-e: 93.3 Ϯ 1.2%; P Ͻ 0.05 vs. ETOH).
Apoptosis of the IM and AM was determined by TUNEL staining (n ϭ at least 4 separate litters/group). There was no difference in apoptosis between control and control ϩ SAM-e IM (control: 5.4 Ϯ 1% vs. control ϩ SAM-e: 4.9 Ϯ 0.6%; P ϭ NS) or AM (control: 1.99 Ϯ 1.2% vs. control ϩ SAM-e: 2.45 Ϯ 1.5%; P ϭ NS). However, the addition of ETOH significantly increased both IM apoptosis (ETOH: 33.4 Ϯ 2.7%; P Ͻ 0.05 vs. control) and AM apoptosis (ETOH: 21.8 Ϯ 2.3%; P Ͻ 0.05 vs. control). The addition of maternal SAM-e during ETOH ingestion significantly protected both the IM (ETOH ϩ SAM-e: 7.5 Ϯ 1.1%; P ϭ NS vs. ETOH) and the AM (ETOH ϩ SAM-e: 7.3 Ϯ 1.2%: P ϭ NS vs. ETOH) from ETOH-induced apoptosis.
Fetal ETOH exposure increased lipid peroxidation within the pup airway. In a guinea pig model of fetal ETOH exposure, we demonstrated that fetal ETOH exposure increased oxidant stress in the fetal lung, as evidenced by increased lipid peroxidation products in the BAL (19) . In the current mouse model, fetal BAL oxidant stress was demonstrated in the ETOH P0 lung with an ϳ10-fold increase in MDA compared with control ( Fig. 1 ; P Ͻ 0.05 vs. control). The addition of SAM-e to control litters did not alter BAL MDA levels compared with control (P ϭ NS). ETOH ϩ SAM-e diminished BAL MDA to control levels. BAL protein did not significantly differ among the experimental groups (P ϭ NS). Thus similar to the guinea pig model of fetal ETOH exposure (19, 35) , the ETOH-exposed mouse pup lung demonstrated evidence of increased macromolecular damage from oxidant stress.
In utero ETOH increased TGF-␤ 1 in the neonatal mouse lung and the macrophage. There was no statistical difference in active TGF-␤ 1 in the pup BAL across experimental groups (P ϭ NS). However, ETOH-exposed pups demonstrated dramatically higher total TGF-␤ 1 levels in the BAL compared with either control or control ϩ SAM-e pups ( Fig. 2 ; P Ͻ 0.05 vs. control; P Ͻ 0.05 vs. control ϩ SAM-e). GSH availability modulated ETOH-induced increases in BAL TGF-␤ 1 , since maternal SAM-e during ETOH exposure significantly attenuated BAL total TGF-␤ 1 in the neonatal mouse BAL to minimally detected levels ( Fig. 2 ; P Ͻ 0.05 vs. ETOH). For control BAL, active TGF-␤ 1 constituted the majority (100%) of the total TGF-␤ 1 measurable. Similar findings were evident in control ϩ SAM-e BAL (100% of total) and ETOH ϩ SAM-e (78% of total). However, in the ETOH-exposed BAL, active TGF-␤ 1 constituted 9.5% of the total TGF-␤ 1 pool.
To evaluate the in utero ETOH effect on macrophage TGF-␤ 1 in the neonatal mouse lung , we evaluated isolated IM and AM for TGF-␤ 1 by immunostaining after fetal ETOH exposure. As demonstrated in Fig. 3 , A-C, maternal SAM-e did not alter TGF-␤ 1 staining compared with control in either IM (A) or AM (B). However, ETOH IM demonstrated a 50% increase in TGF-␤ 1 and in utero ETOH exposure increased TGF-␤ 1 staining for the AM by Ͼ40% (Fig. 3, A and B ; P Ͻ 0.05 vs. respective control; P Ͻ 0.05 vs. respective control ϩ SAM-e). Maternal SAM-e during ETOH ingestion significantly blunted the increased TGF-␤ 1 in both the IM and the AM compared with ETOH alone (Fig. 3, A and B ; P Ͻ 0.05 vs. ETOH, respectively). Representative photomicrographs of the IM and AM (Fig. 3C ) demonstrate the ETOH effect on TGF-␤ 1 density on both the IM and the AM. Therefore, the significant increase in total TGF-␤ 1 found in the neonatal BAL was mirrored in both the ETOH-exposed IM and AM, suggesting that these cells were an important source of the increased TGF-␤ 1 evident in the ETOH-exposed mouse lung.
In utero ETOH delayed terminal differentiation and function of the neonatal AM. Both IM and AM were evaluated for the expression of CD32, a marker of a terminally differentiated AM, relative to the expression of the monocytic ␤ 2 -integrin CD11b (Fig. 4) . Maternal SAM-e did not alter CD32/CD11b in either IM (Fig. 4A) or AM (Fig. 4B ) compared with control. Both control and control ϩ SAM-e demonstrated a significant increase in CD32/CD11b on the AM compared with the resident IM, a characteristic of terminal differentiation of the neonatal AM in the mouse lung (P Ͻ 0.05, respective AM vs. IM). However, within the ETOH-exposed lung, the AM demonstrated CD32/CD11b staining equivalent to that seen for the ETOH-exposed IM (P ϭ NS ETOH IM vs. ETOH AM). Furthermore, compared with control or control ϩ SAM-e, both ETOH-exposed IM and AM demonstrated blunted CD32/ CD11b expression (Fig. 4, A and B ; P Ͻ 0.05 vs. respective control; P Ͻ 0.05 vs. respective control ϩ SAM-e). This suggested a lack of normal terminal differentiation for the ETOH-exposed cells in the neonatal lung. While there was no difference in CD32/CD11b between ETOH ϩ SAM-e IM vs. control (P ϭ NS), maternal SAM-e during ETOH exposure significantly increased CD32/CD11b on IM and AM compared with ETOH alone (Fig. 4, A and B ; P Ͻ 0.05 vs. respective ETOH), although staining did not reach control AM levels ( Fig. 4 ; P Ͻ 0.05 vs. control AM). Representative confocal photomicrographs of CD11b and CD32 staining on the IM and AM are presented in Fig. 4C .
The expression of CD32/CD11b on the IM and AM paralleled phagocytic function. In both control and control ϩ SAM-e pups, the observed gain in CD32/CD11b in the AM Fig. 6 . Direct effect of TGF-␤1 on markers of differentiation and phagocytosis. To determine the direct effects of TGF-␤1 on the IM or AM phenotype and phagocytic function, control P0 IM and AM were isolated from the pups via BAL. The cells were incubated with ϮTGF-␤1 added to the culture media (5 ng/ml, 4 h). After culture, the cells were incubated with primary antibodies to CD32 and CD11b with secondary labeling via FITC. In parallel, control P0 cells were incubated ϮTGF-␤1 ϮFITC-labeled S. aureus and phagocytosis was similarly determined. Confocal fluorescent microscopy was used with the fluorescence quantified using digital analysis via FluoView as tallied from at least 25 cells/litter. A: bar heights represent mean RFU/cell Ϯ SE as expressed as a percentage of the control (ϪTGF-␤1) for CD32/CD11b staining for interstitial (left) and alveolar (right) macrophage.
a P Ͻ 0.05 vs. ϪTGF-␤1; n ϭ 3 separate litters. B: bar heights represent mean PI Ϯ SE for interstitial (left) and alveolar (right) macrophage as expressed as a percentage of the control (ϪTGF-␤1).
a P Ͻ 0.05 vs. ϪTGF-␤1; n ϭ 3 separate litters.
compared with IM was accompanied by a significant increase in the phagocytic function of the cell by 1.6-fold (control) and 1.2-fold (control ϩ SAM-e) (P Ͻ 0.05, AM vs. IM; data not shown). SAM-e did not significantly alter IM or AM phagocytosis compared with control (Fig. 5, A and B ; P ϭ NS). However, ETOH-exposed cells demonstrated significant dysfunction in phagocytosis. Although phagocytosis by the ETOH AM was greater than the ETOH IM (P Ͻ 0.05, ETOH AM vs. ETOH IM; data not shown), phagocytosis remained severely depressed in both ETOH IM and ETOH AM compared with control IM and AM (Fig. 5, A and B ; P Ͻ 0.05 vs. respective control; P Ͻ 0.05 vs. respective control ϩ SAM-e). Maternal SAM-e during ETOH exposure significantly improved both IM and AM phagocytic function compared with ETOH alone ( Fig.  5 ; P Ͻ 0.05 vs. respective ETOH), although AM function failed to reach either control or control ϩ SAM-e levels ( Fig.  5B ; P Ͻ 0.05 vs. control or control ϩ SAM-e AM, respectively).
Effect of in vitro TGF-␤ 1 on CD32/CD11b and phagocytic function. Because of the observed increase in TGF-␤ 1 in the ETOH-exposed fetal lung and cells, we sought to determine the direct effect of TGF-␤ 1 on the function and expression of the differentiation markers in the P0 IM and AM in the neonatal mouse. Direct incubation with TGF-␤ 1 significantly decreased CD32/CD11b immunostaining in the control IM by Ͼ60% and the control AM by Ͼ70% ( Fig. 6A ; P Ͻ 0.05, vs. without TGF-␤ 1 ). Furthermore, the TGF-␤ 1 -induced decrease in CD32/CD11b expression was paralleled by significantly decreased phagocytosis of FITC-labeled S. aureus by IM (ϳ60%) and AM (ϳ45%; Fig. 6B ; P Ͻ 0.05 vs. without TGF-␤ 1 ).
In vitro ETOH impaired phagocytosis via TGF-␤ 1 . To further provide a mechanistic link between excessive TGF-␤ 1 demonstrated with in utero ETOH exposure and the observed dysfunction of the exposed macrophage, we exposed IM and AM to in vitro ETOH and evaluated phagocytic function. In vitro ETOH significantly impaired IM phagocytosis by 90% and AM phagocytosis by 79% compared with control (Fig. 7 , A and B, respectively; P Ͻ 0.05 vs. control). However, the addition of mAbTGF-␤ 1 during the ETOH exposure protected both the IM and the AM from ETOH-induced dysfunction, increasing phagocytosis by the IM to near 75% of control and maintaining AM phagocytosis at control levels despite ETOH exposure (Fig. 7, A and B, respectively; P Ͻ 0.05 vs. ETOH). The nonspecific mouse IgG demonstrated no protection to either IM or AM in the presence of ETOH (Fig. 7, A and B, respectively; P Ͻ 0.05 vs. control; P ϭ NS vs. ETOH).
DISCUSSION
The goals of this study were to describe the normal terminal differentiation of IM and AM in the neonatal lung and evaluate whether in utero ETOH exposure impaired AM differentiation. In the current study, we characterized the IM and the AM in the P0 mouse pup. A significant gain in the alveolar macrophage marker CD32 compared with the relative monocytic marker CD11b was demonstrated in the AM vs. the IM. This was accompanied by a gain of in vitro phagocytic function by the AM for the control groups. With in utero ETOH exposure, the fetal lung was under increased oxidant stress as evidenced by elevated MDA in the BAL. This oxidant stress was accompanied by ETOH-exposed AM with a phenotype more characteristic of IM, with increased apoptosis, reduced CD32/CD11b expression, and impaired phagocytic function. Furthermore, ETOH-exposed IM also demonstrated increased apoptosis, diminished CD32/CD11b expression, and impaired phagocytosis, suggesting that in utero ETOH adversely affected both the resident AM and their precursor the IM.
With inflammatory states, chronic disease, infection, and lung injury, the heterogeneity of the AM population shifts to a more immature, monocytic phenotype and these changes in AM function can contribute to the severity of the local disease state (9, 23, 32, 39) . The current study suggested that in utero alcohol exposure was another condition that altered the resident AM population in the neonatal lung by increasing oxidant stress within the lung and delaying the differentiation of both the IM and the AM. Furthermore, the current results suggested Fig. 7 . In vitro ETOH impaired phagocytosis via TGF-␤1. Isolated IM and AM from control P0 pups were incubated with or without ETOH (0.1%, 25 mM) added to the culture media in vitro for 4 days with daily media changes. In some experiments, the cells were incubated with or without a monoclonal anti-TGF-␤1 antibody (mAbTGF-␤1) or a nonspecific IgG. After 4 days, FITC-labeled S. aureus was added and phagocytosis was determined. PI was calculated as the percentage of cells with internalized fluorescence ϫ the mean RFU/cell. Bar heights represent mean PI (presented as %control) Ϯ SE for interstitial (A) and alveolar (B) macrophage.
a P Ͻ 0.05 vs. control; b P Ͻ 0.05 vs. ETOH alone; n ϭ at least 4 separate litters.
that ETOH-induced oxidant stress mediated these changes, since SAM-e maintained the differentiation of both the IM and the AM in terms of phenotype and function.
Results from these studies strongly implicated a role for elevated TGF-␤ 1 in the observed ETOH-induced changes. ETOH exposure in utero elevated TGF-␤ 1 within the IM as well as the AM in our mouse model. Furthermore, elevated TGF-␤ 1 was apparent in the BAL of the ETOH pup lung at baseline. Exogenous in vitro TGF-␤ 1 suppressed CD32/CD11b in control AM and IM and diminished phagocytic function. Furthermore, a mAbTGF-␤ 1 protected both IM and AM from the impaired phagocytosis demonstrated with in vitro ETOH exposure, suggesting an autocrine role for TGF-␤ 1 -induced injury in the ETOH-exposed macrophage. TGF-␤ 1 is well described as an anti-inflammatory mediator, downregulating CD32 in monocytic cells (38) , inhibiting phagocytosis (47) , and diminishing inflammatory cytokine release (11, 31) . Results from the current study suggested that in utero ETOH impaired both IM and AM differentiation and phagocytosis, in part via increased TGF-␤ 1 in the developing cells. Furthermore, attenuating oxidant stress with maternal SAM-e despite ETOH exposure blunted the increased TGF-␤ 1 and resultant alterations in the cells. Although an anti-inflammatory response from ETOH exposure may be perceived as beneficial in the developing lung, such an atmosphere may prove detrimental to the premature lung already at risk for infection (4, 21) and the alcohol-exposed newborn at increased risk for systemic sepsis (17, 18) .
We chose to evaluate TGF-␤ 1 as a possible mediator in the ETOH-exposed neonatal lung, since chronic ETOH ingestion increased TGF-␤ 1 primarily in AM and alveolar epithelial type II cells, increasing the risk of cellular dysfunction in the adult lung (3). TGF-␤ 1 plays a crucial role in lung injury and repair in the adult (2), and TGF-␤ 1 has both positive and inhibitory effects on AM differentiation and proliferation (12, 45) . However, an inappropriate increase in TGF-␤ 1 in the developing lung, particularly localized to the AM, is a hallmark for the development of bronchopulmonary dysplasia in the premature newborn (2, 25, 28, 42, 48, 49) . Conditional overexpression of TGF-␤ 1 postnatally during alveolar development in mice (48) or genetic overexpression in rats (16) resulted in lung injury characteristic of this condition. Thus relative amounts of TGF-␤ 1 are essential for AM differentiation, but excess amounts are detrimental within the neonatal lung. In the in utero ETOH model, there is no overt injury to the neonatal lung at baseline. However, these results suggested that given the excessive total TGF-␤ 1 in the BAL, the ETOH-exposed neonatal lung would be at risk for amplified injury in the face of a second insult. Results from the current study support further investigations to ascertain the risk of neonatal lung injury after in utero alcohol exposure.
The current study expands on the evidence of our previous studies that demonstrated similar AM dysfunction with in utero ETOH exposure, but extended the investigation into the IM precursors. In the neonatal guinea pig exposed to ETOH in utero, AM were dysfunctional at both premature (19) and term gestations (20, 35) . These results in the mouse model suggested that in utero ETOH effects were not species specific but a universal finding in the developing animal lung.
Since AM are derived from peripheral circulating blood monocytes that constitutively move into the interstitial space of the lung and differentiate into mature AM in the alveolar space (13, 36) , it was important to begin the evaluation of the IM pool of cells as well as the AM in the ETOH-exposed mouse lung. The mouse provides an important model for continued investigation into the detriments of exaggerated oxidant stress, such as in utero ETOH exposure, on the mechanisms that modulate the differentiation and function of the neonatal AM. Given the ETOH-induced changes in the IM pool demonstrated in the current study, we cannot exclude the possibility that in utero ETOH also adversely affected the monocyte and/or the bone marrow of the developing mouse.
In summary, the neonatal mouse model allows for the mechanistic evaluation of terminal differentiation of the neonatal AM. Fetal ETOH exposure impaired neonatal mouse IM and AM phagocytic function, in part due to impaired differentiation of both IM and AM in the lung. Increased oxidant stress and elevated TGF-␤ 1 in the ETOH-exposed fetal lung contributed to the impaired differentiation of the dysfunctional macrophage. In this scenario, altered IM and AM differentiation and dysfunction may contribute to an increased risk of infection and/or lung injury in the developing newborn. 
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